Aims: Nitroxyl (HNO) interacts with thiols to act as a redox-sensitive modulator of protein function. It enhances sarcoplasmic reticular Ca 2+ uptake and myofilament Ca 2+ sensitivity, improving cardiac contractility. This activity has led to clinical testing of HNO donors for heart failure. Here we tested whether HNO alters the inhibitory interaction between phospholamban (PLN) and the sarcoplasmic reticulum Ca 2+ -ATPase (SERCA2a) in a redox-dependent manner, improving Ca 2+ handling in isolated myocytes/hearts. dependent SERCA2a conformational flexibility but only when PLN was present. In cardiomyocytes, HNO achieved this effect by stabilizing PLN in an oligomeric disulfide bond-dependent configuration, decreasing the amount of free inhibitory monomeric PLN available. Innovation: HNO-dependent redox changes in myocyte PLN oligomerization relieve PLN inhibition of SERCA2a. Conclusions: PLN plays a central role in HNOinduced enhancement of SERCA2a activity, leading to increased inotropy/lusitropy in intact myocytes and hearts. PLN remains physically associated with SERCA2a; however, less monomeric PLN is available resulting in decreased inhibition of the enzyme. These findings offer new avenues to improve Ca
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Introduction
C ongestive heart failure frequently involves reduced cardiac contractility and slowed muscle relaxation (20, 21) . Abnormalities of the excitation-contraction coupling processes are centrally involved in these adverse outcomes (13, 20, 21) . At least in part, these alterations may originate from redox alterations of the myocardium (5) . Perturbed Ca 2 + cycling into, and out of, the sarcoplasmic reticulum (SR) can result from reduced expression and/or activity of SR Ca 2 + -ATPase (SERCA2a) or the altered phosphorylation status of phospholamban (PLN). Ongoing efforts to enhance SERCA2a activity include gene transfer (10) or targeted pharmacological therapies (20) , with clinical trials currently underway (22) .
Nitroxyl (HNO) is the one-electron reduction product of nitric oxide (NO . ) (44) that confers in vivo positive inotropy/ lusitropy in normal (38) and failing hearts (37) via mechanisms independent of cyclic adenosine monophosphate/protein kinase A (cAMP/PKA) signaling (45) . Cardiomyocytes exposed to HNO exhibit enhanced Ca 2 + cycling (45) accompanied by augmented SERCA2a activity, which enhances Ca 2 + uptake into the SR and increases fractional Ca 2 + release. These changes occur without a rise in the trans-sarcolemmal Ca 2 + flux via the L-type Ca 2 + channels (LTCC) (25) and HNO does not trigger diastolic Ca 2 + accumulation or SR Ca 2 + overload (45) . These properties make HNO an attractive potential therapy for heart failure, particularly when compared to inotropes that stimulate cAMP/PKA signaling, which can induce excess intracellular Ca 2 + , arrhythmias, and adverse cardiac events (20) .
HNO reacts rapidly with protein thiols in vitro (44) and it is thought to induce biochemical effects by changing protein conformation and/or function through thiol modification. The inotropic action of HNO is highly redox-sensitive, being readily inhibited by the addition of a thiol reducing agent, such as dithiothreitol (DTT) (7) . HNO, donated by Angeli's salt (AS) modifies cysteine residues in myofilament proteins to enhance force generation (16) , and AS/HNO-induced SERCA2a activation appears to involve cysteine modification on either PLN (15) or SERCA2a (28) .
This study aimed to elucidate the mechanism(s) underlying PLN/SERCA2a modulation by AS/HNO, and did so by addressing the following three questions: First, is PLN necessary for AS/HNO-induced stimulation of SERCA2a and enhanced contractile function in intact myocytes or hearts? Second, does the impact of the AS/HNO-PLN modification on SERCA2a activity observed in a heterologous expression system (15) apply to intact myocytes or hearts with physiological thiol content, and how does this relate to Ca 2 + uptake? Lastly, does AS/HNO impact PLN/SERCA2a protein-protein interactions in a redox-dependent manner and/or alter PLN coupling, such as occurs with PKA phosphorylation?
Results

PLN is central to AS/HNO inotropy and lusitropy in myocytes and for AS/HNO-induced enhancement of left ventricular function in isolated mouse hearts
The influence of AS/HNO stimulation was compared between myocytes with or without PLN. In wildtype (WT) cells, 500 lM AS/HNO increased shortening, and whole Ca 2 + transient amplitude and shortened the time of sarcomere relengthening and Ca 2 + transient decay. AS/HNO also increased Ca 2 + fractional release from the SR (Fig. 1A-C) . These effects were markedly blunted in myocytes from pln -/ -hearts. Analogous disparities were obtained using the bagonist isoproterenol (Supplementary Fig. S1 ; Supplementary Data are available online at www.liebertpub.com/ars) that enhances function in part through phosphorylation of PLN. Interestingly, basal SR Ca 2 + levels were higher in the pln -/ -mice ( Fig. 2A) . AS/HNO also increased Ca 2 + spark frequency in WT mice to a level similar to that observed at baseline in pln -/ -mice, while it had no significant impact in pln
Since the redox state for isolated myocytes can differ from that of an intact heart, and tissue redox balance may impact AS/HNO efficacy, we tested whether PLN is required for AS/ HNO inotropy/lusitropy in intact retrogradely perfused mouse hearts. In control hearts, infusion of AS/HNO (500 lM for 10-15 min) enhanced contraction and accelerated relaxation ( Fig. 3A-C) . These effects were absent in pln -/ -hearts. This disparity cannot be attributed to AS/HNO-induced vasodilation because coronary perfusion pressure fell similarly in both groups (Fig. 3D) .
AS/HNO enhances Ca
2 + reuptake in SR vesicles isolated from WT but not PLN -/ -hearts AS/HNO modifies cysteine residues in the PLN transmembrane domain, accelerating SERCA2a enzyme kinetics, and activity in High Five (HF) insect microsomes (15 (48) . In the absence of PLN, AS/ HNO was unable to increase SERCA2a activity; but increased when PLN was present in the system (Fig. 5A ). The effect of AS/HNO (from 0 to 500 lM) was fully blocked by the addition of 500 lM glutathione (GSH), which we found to be the lowest effective dose for quenching AS/HNO. Interestingly, the addition of GSH itself did not alter SERCA2a activity (Fig.  5B) . Additionally, we determined that the effect of AS/HNO on the Ca 2 + -dependence of SERCA2a activity required coexpression of PLN as the SERCA2a-Ca 2 + activity curve was altered after AS/HNO treatment in the presence (DK 0.5 *200 nM) but not in the absence (DK 0.5 *0 nM) of PLN (Fig.  5C, D) . The K 0.5 for SERCA2a alone was 325 -25 nM (Fig. 5C) , and was not affected by AS/HNO treatment. In contrast, the K 0.5 value for the SERCA2a + PLN sample (Fig. 5D) , was 550 -50 nM before AS/HNO treatment, and this decreased to 325 -25 nM after AS/HNO treatment (a value similar to that of the sample devoid of PLN). Treatment of microsomes containing SERCA2a + PLN with an anti-PLN monoclonal antibody, which functionally uncouples PLN from SERCA2a (3) also shifted the AS/HNO stimulated SERCA2a activityCa 2 + relationship ( Supplementary Fig. S2 ), similar to that observed for AS/HNO treatment. These data indicate that PLN is centrally involved in HNO-driven enhancement of SERCA2a function.
AS/HNO increases SERCA2a conformational flexibility in the presence of PLN SERCA2a is, in part, inhibited by PLN-stabilization of the Ca 2 + -free enzyme conformation, which impedes SERCA2a activation by increased Ca 2 + (47). Therefore, we tested whether AS/HNO alters the conformational transition of SERCA2a from the Ca 2 + -free (E2 state) to Ca 2 + -bound intermediates (E1 Ca 2 state), and whether the presence of PLN is required to achieve this effect. Fluorescence spectroscopy was used to monitor changes in fluorescence quenching of fluorescein isothiocyanate (FITC) covalently bound to SERCA2a in microsomes for this purpose. The addition of Ca 2 + to microsomes containing SERCA2a without PLN induced the conformational transitions from the E2 to the E1 Ca 2 state, as assessed by a 7.8% -1.3% increase in the fluorescence intensity due to altered solvent accessibility to FITC ( Fig. 6A) (47) . When PLN was present, the amplitude of the E2 to E1 Ca 2 conformational change was reduced (6.0% -0.7% increase), consistent with previous findings (47) . However, when samples containing no PLN were treated with AS/HNO fluorescence intensity was unaltered (8.7% -1.0% increase); in contrast, when PLN was present, AS/HNO induced a 3.7-fold increase in the intensity (22.4% -3.4%). Since there was no significant effect of AS/ HNO on SERCA2a alone, this set of data suggests that AS/ HNO alleviates PLN inhibition of SERCA2a 
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dependent conformational flexibility, with a concomitant increase in SERCA2a activity.
HNO promotes SERCA2a oligomeric rearrangements by reaching the sulfhydryl groups in the transmembrane domains of PLN PKA-induced phosphorylation of PLN functionally uncouples PLN from SERCA2a, concomitant with decreasing the rotational mobility of SERCA2a (36), consistent with a physical rearrangement of SERCA2a units within the Ca 2 + pump oligomeric complex. Therefore, we tested whether AS/ HNO has a similar impact on SERCA2a oligomeric interactions, as that affected by PLN. We used conventional and saturation transfer electron paramagnetic resonance (ST-EPR) spectroscopy (33, 36, 42 ) of a maleimide spin label (MSL) covalently bound to SERCA2a to measure SERCA2a rotational mobility, in the absence and presence of PLN in microsomes (41) . Treatment of the microsomes with AS/HNO had no significant effect on the conventional EPR spectrum (data not shown), indicating that AS/HNO had no direct effect on the motion of the spin label in its microenvironment. The corresponding ST-EPR spectrum of SERCA2a + PLN SERCA2a alone is presented in Figure 6B (right and left). Clear PLN-dependent differences in SERCA2a rotational mobility were seen, where the rotational rate (1/s r , the inverse rotational correlation time) (36) for SERCA2a + PLN was approximately (1.66 -0.14) · 10 4 s -1 as compared to (1.00 -0.06) · 10 4 s -1 for SERCA2a alone. This indicated that the rotational mobility of SERCA2a + PLN was approximately 1.66-fold greater as compared to SERCA2a alone, in keeping with SERCA2a rotational mobility after PLN phosphorylation (32, 36) . Treatment of the SERCA2a + PLN sample with AS/HNO (100 lM) produced distinct changes in the ST-EPR spectrum, consistent with a decrease in the SERCA2a rotational rate (1.10 -0.10 · 10 4 s -1 ) similar to that observed for SERCA2a alone. In contrast, AS/HNO treatment of SERCA2a alone had essentially no effect on the ST-ER spectrum of SERCA2a, indicating that AS/HNO has little impact on SERCA2a rotational mobility in the absence of PLN. Because integral membrane protein rotational mobility is directly controlled by lipid bilayer fluidity (41), we conducted measurements of lipid hydrocarbon chain mobility, as affected by AS/HNO, using conventional EPR spectroscopy of stearic acid spin-labels incorporated into our microsomes. We found that AS/HNO treatment had no discernible effect on the lipid hydrocarbon chain mobility, and thus, lipid bilayer fluidity ( Supplementary Figs. S3 and S4). These findings confirm that the observed changes in SERCA2a rotational mobility are most likely due to changes in the size of the rotating unit and not changes in the bilayer lipid dynamics. Thus, AS/HNO treatment alleviates PLN inhibition from SERCA2a, allowing the pump to undergo rearrangement to form an oligomeric complex, concomitant with AS/HNO-activation of SERCA2a activity. This pattern of change is similar to uncoupling PLN from SERCA2a via PKA-induced PLN phosphorylation (36) .
PLN oligomerization is altered by AS/HNO leading to the formation of disulfide bonds among PLN monomers
The PLN monomer is regarded as the PLN inhibitory species (31) . Therefore, we tested whether AS/HNO alters PLN monomer availability as a potential mechanism for AS/ HNO regulation on SERCA2a function. Heart extracts from WT (FVB/N) mice were treated with AS/HNO (125-500 lM) or vehicle (10 mM NaOH) for 1 h at room temperature. Changes in the PLN pentamer/monomer ratio were examined by SDS-PAGE and visualized by Western blot. As expected, in cold samples (4°C) PLN migrated as both pentameric and monomeric species (24) . Under these conditions, AS/HNO treatment had no impact on the pentamer/ monomer ratio (Fig. 7) . However, when samples were boiled to disrupt noncovalent interactions (24) , the pentamer dispersed primarily into monomers. A small percentage of PLN (7.0% -1%) migrated at a molecular weight corresponding to a tetrameric form of PLN. When treated with AS/HNO, the amount of the tetrameric form increased to 30% -2.5% of total PLN, with a corresponding decrease in the monomer isoform Table S1 ). To see this illustration in color, the reader is referred to the web version of this article at www.liebertpub.com/ars fraction (86.4% -2.5% to 64.6% -3.3%; Fig. 7 ). Next, we tested whether AS/HNO-dependent PLN disulfide bond formation was involved in PLN tetramer accumulation. To test this, whole heart extracts pretreated with AS/HNO (as above) were then treated with the reducing agents DTT or tris(2-carboxyethyl)phosphine (TCEP), which are well-known disulfide reducing agents (27) . Treatment with DTT or TCEP led to the break-down of the tetrameric form generated upon AS/ HNO treatment, with a concomitant rise in PLN monomers ( Supplementary Fig. S5 ). This finding is consistent with previous studies performed in microsomes expressing PLN alone (15) .
To validate these results in intact cardiomyocytes, freshly isolated adult murine cardiomyocytes were treated with AS/ HNO (500 lM) or vehicle (10 mM NaOH), and then SDS-PAGE/Western blot analysis for PLN was performed. Upon boiling, monomeric, dimeric, and tetrameric PLN were detected. Under these conditions, AS/HNO treatment increased PLN tetramers and dimers, while a concomitant decrease in the amount of available monomeric PLN was evident when compared to control conditions (Fig. 8) . This effect was reversed by the addition of DTT that led to a substantial decrease in dimer and tetramer levels, with a marked rise in monomeric PLN. The PLN oligomerization profile obtained with AS/HNO + DTT is superimposable to that found under control conditions with DTT alone. Repeating these experiments using TCEP instead of DTT led to a similar breakdown in these oligomeric forms although with less pronounced reduction in monomer levels ( Supplementary Fig. S6 ), likely reflecting the fact that DTT is more effective than TCEP in reducing thiols under the present experimental conditions. Thus, treating left ventricular extracts or isolated intact FIG. 5. AS/HNO functionally uncouples PLN from SERCA2a in microsome vesicles. (A) Microsomes containing either SERCA2a alone (squares) or SERCA2a + PLN (circles) were suspended (1 mg total protein/ml) in 250 mM sucrose, 10 mM imidazole, pH 7.0, and treated with AS/HNO, at the indicated concentrations. The microsomes were incubated at room temperature for 10 min, after which the microsomes were assayed for ATPase activity in a buffer containing 0.625 lM ionized Ca 2 + , where PLN has significant effects on SERCA2a activity (n = 3-5 repetitions). (B) Experiment repeated using microsomes containing SERCA2a pretreated with 500 lM GSH before AS/HNO addition. Symbols represent the average of two repetitions, and error bars correspond to the standard error of the mean for each point. (C, D) Microsomes containing SERCA2a expressed in the absence (C) or presence of PLN (D). Samples were suspended (0.2 mg total protein/ml) in 250 mM sucrose and 10 mM imidazole, pH 7.0, treated with either vehicle solution (squares, red line), or 100 lM AS/HNO (circles, green line) and incubated at room temperature for 10 min, after which the treated microsomes were assayed for [Ca 2 + ]-dependent ATPase activity at 37°C. The data are shown normalized to their respective maxima to better illustrate the HNO-dependent shift in the [Ca 2 + ]-dependent activity curve and to account for changes in activity due to expression differences in the various samples and thereby better demonstrate the effects of PLN on SERCA2a activity. Symbols are the average of duplicate experiments and the error bars (which are generally smaller than the symbols) represent the high/low values for each point (**p £ 0.01). GSH, glutathione. To see this illustration in color, the reader is referred to the web version of this article at www.liebertpub.com/ars myocytes with AS/HNO equally result in an increase of the oligomeric PLN forms at the expense of monomeric PLN. The fact that DTT fully reversed AS/HNO-induced changes is highly suggestive of the existence of disulfide bonds between monomers that aggregate either in tetramers or dimers. The possibility that the amount of dimer (or tetramer) increases after treatment with AS/HNO in a redox(thiol)-dependent manner is also supported by prior evidence obtained in microsomes expressing PLN. In those studies, we demonstrated that AS/HNO increased PLN dimerization (15) and that changes in PLN oligomerization are absent when PLN cysteines are mutated to alanines or blocked by pretreatment with N-ethylmaleimide (15) .
Lastly, since PLN oligomerizes in the presence of AS/ HNO, we used coimmunoprecipitation to test whether AS/ HNO influences the physical association of PLN to SERCA2a. Our coimmunoprecipitation studies indicate that the relative fraction of PLN associated with SERCA2a is effectively unchanged after exposure to AS/HNO (Supplementary Fig. S7A-C) . This outcome is consistent with similar studies on the effects produced by PKA-induced PLN phosphorylation on PLN-SERCA2a association (9, 29) . However, AS/HNO action occurred independently from PKA signaling because HNO, unlike the b-agonist ISO, did not alter the phosphorylation status of the PKA-sensitive Ser16 on PLN (Fig. 9) .
Discussion
This study demonstrates that the inotropic action of AS/ HNO is markedly blunted in pln -/ -myocytes and whole hearts, confirming a central role of PLN to AS/HNOinduced inotropy/lusitropy. To establish how AS/HNO activates SERCA2a, kinetic and spectroscopic techniques were undertaken to assess the impact of AS/HNO on PLN's regulation on SERCA2a (6, 33, 47) . We determined that AS/HNO affected the oligomerization of PLN, altering the PLN-SERCA2a inhibitory interaction; thus, enhancing the SERCA2a Ca 2 + -dependent E2 to E1$Ca 2 conformational transition, with a concomitant increase in SERCA2a Ca 2 + transport activity. The AS/HNO-induced changes on PLN are thiol-sensitive and involve the formation of cysteinebased disulfide bonds between PLN monomers, favoring PLN oligomer formation.
AS/HNO and PLN/SERCA2a coupling: a PLN redoxmodulation affecting SERCA2a oligomeric interactions
PLN inhibits SERCA2a Ca
2 + sensitivity by disrupting SERCA2a oligomeric interactions that are important for enzyme dephosphorylation and subsequent high affinity Ca 2 + binding necessary to activate the enzyme for ATP-dependent phosphorylation (6, 33) . In support of this finding, Waggoner et al. (47) reported that uncoupling PLN from SERCA2a stimulates the Ca 2 + -dependent conformational transitions. Mutation of key leucine and isoleucine residues in the PLN transmembrane domain destabilize the PLN pentameric structure, shifting the pentamer/monomer ratio in favor of the monomer. These mutations have been associated with increased inhibition of SERCA2a, confirming the monomer as the active inhibitory species (3, 14, 19) . More recently, Robia's group has elegantly shown that a missense mutation (R9C) in PLN's cytoplasmic domain increases the stability of the PLN pentameric assembly via disulfide bridge formation, preventing its binding to SERCA2a and PKA-induced phosphorylation (18) . Based on this evidence and on our previous findings showing that AS/HNO potentially promotes the formation of disulfide bonds in the PLN transmembrane domain (15), we hypothesized that AS/HNO favors formation of PLN oligomers at the expense of PLN monomers, resulting in less inhibitory PLN species.
The current data comparing SERCA2a function in the presence and absence of PLN indicate that AS/HNO stimulation of SERCA2a Ca 2 + sensitivity and consequent impact on cell shortening and Ca 2 + transients depend upon PLN being present. AS/HNO functionally stimulates SERCA2a activity through a PLN-dependent mechanism, allowing SERCA2a to function as if PLN were absent (33, 47 
FIG. 7.
AS/HNO stabilizes a homotetramer releasing less inhibitory PLN species. Western blots for PLN in heart extracts from WT (FVB/N) mice were treated with increasing concentrations of AS/HNO and incubated at room temperature. Samples were kept under cold conditions, or broken into its component structures through boiling (with and without the presence of DTT to break up disulfide complexes). In its free form (not bound to SERCA2a), PLN forms pentamers in its storage state as observed under cold conditions. Under boiling conditions, the presence of stabilized tetrameric PLN is observed after increasing treatment of AS/HNO (B) A 3D surface plot of the boiled samples in (A), demonstrates a decrease in monomeric PLN (inhibitory PLN) with increasing AS/HNO. (C) Quantitation of multiple treatments (n = 3 mice, two to three replicate treatments per mouse) demonstrate a significant reduction in monomeric and a corresponding increase in the tetrameric form of PLN with AS/HNO treatment. Brief (5 min) incubation of samples with DTT abolished this effect demonstrating that the formation of tetrameric form of PLN is through the formation of disulfide bonds. **p < 0.01; ***p < 0.001 (all relative to control), 
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Ca 2 + sensitivity, if AS/HNO alters the PLN-SERCA2a interaction; one would predict increases in Ca 2 + sensitivity of SERCA2a, which our microsomal sample activity data supports. Likewise, Negash et al. (36) , showed that regulatory PLN decreases SERCA2a rotational motion by decreasing the average cross-sectional area (i.e., oligomeric size) of the rotating unit, and Waggoner et al. (47) reported that uncoupling PLN from SERCA2a stimulates the Ca 2 + -dependent conformational transitions. Therefore, if AS/HNO functionally uncouples PLN from SERCA2a, we would expect to observe AS/HNO-dependent increases in Ca 2 + sensitivity for SERCA2a activity, enhanced Ca 2 + -dependent conformational transitions and changes in SERCA2a oligomeric interactions in the presence of PLN, which our fluorescence and EPR spectroscopy data also supports. Taken together, these data support the conclusion that SERCA2a in the presence of PLN, treated with AS/HNO, has physical and functional properties as the pump in the absence of PLN, or like SERCA2a in the presence of PLN uncoupled from SERCA2a by PLN phosphorylation or treatment with anti-PLN monoclonal antibody (33, 36, 47) .
Recently, Lancel and coworkers (28) showed that AS/ HNO may directly stimulate SERCA2a activity by promoting reversible S-glutathiolation on SERCA2a at C674. SERCA2a with a C674S mutation did not display either behavior. However, the link between this modification and myocyte or heart function was not explored, nor the potential interaction of this modification and simultaneous changes in PLN. Our results in the pln -/ -mouse strongly support a mandatory role of PLN modification, but do not mean that a C674 modification is not involved. Undeniably, the former may be an important direct modification of SERCA2a. In addition to elucidating HNO pharmacology, the current findings are the first to show that PLN function can be modified in a redox-dependent manner that augments rather than detracts from cardiac contraction and relaxation, and is independent from changes in the phosphorylation status of its PKA sites.
Impact of HNO-induced modulation of SERCA/PLN on myocardial contractility Impaired contractility in heart failure is partially due to depressed SR Ca 2 + cycling (20) in which the expression level/ activity of the SR Ca 2 + pump may be decreased (2, 8, 30, 40) . The ratio of PLN/SERCA2a is a critical factor of cardiac Ca 2 + homeostasis. Since the protein level of PLN remains effectively unchanged in heart failure, this fact results in an amplified fraction of SERCA2a inhibited by PLN (26) , thereby contributing to increased diastolic Ca 2 + and depressed cardiac function (46) . Both SERCA2a and PLN are targets for gene therapies, and improving Ca 2 + transport is central to this strategy (39) . Overexpression of SERCA2a in failing human ventricular myocytes can increase SERCA2a activity, enhancing contraction and relaxation velocity (11, 12) . As such, SERCA2a gene transfer may benefit patients (22) . However, like any other protein, overexpression of SERCA2a could still remain subject to redox-induced post-translational modifications due the oxidative environment present in the failing heart (5, 23); thus, partially jeopardizing the effectiveness of this approach. In contrast to changes in SERCA2a, the ablation of PLN in mice augments SR and myocardial function (14, 19, 49) ; however, this removes the normal physiologic regulation of SR Ca 2 + cycling by PLN, and may not be an optimal approach. Inotropic agents that rely on cAMP/PKA signaling also enhance Ca 2 + cycling, but must confront downregulation of b-adrenergic signaling (35) and the toxicity from long-term administration (20) . HNO donors pose an intriguing alternative, enhancing this cycling in a regulated and reversible manner, without compromising normal PKA-regulation. Pursuant to this, a Phase IIa clinical study of the hemodynamics, safety, and tolerability of a novel HNO donor (CXL-1020) in patients with acute decompensated heart failure (NCT01096043) was recently completed, with results due soon.
Limitations
It remains uncertain whether deletion of PLN maximally activates SERCA2a or whether post-translational modifications further increase SERCA2a activity. A limitation of the present study is that if PLN deletion does lead to maximally activated SERCA2a, then any HNO-induced post-translational modification of SERCA, as reported for instance by Lancel et al. (28) would not be observed. Furthermore, it is theoretically possible that AS/HNO directly increases SERCA2a expression, or causes other compensatory changes in the excitation-contraction coupling machinery. Additional studies are needed to address these remaining questions. Notwithstanding, the present evidence shows that HNO-induced inotropy is markedly reduced in pln -/ -mice; this suggests that PLN, to a large part, explains HNO-induced enhancement of SERCA2a activity. Another limitation is that we do not fully understand how local pools of endogenous reducing agents may affect AS/HNO activity and potency in different cellular compartments. The fact that we used a range of AS/HNO concentrations (from 100 to 500 lM) to elicit physical/ functional changes in different preparations (whole myocytes/hearts, cellular homogenates, and isolated microsomal samples) reflects the intrinsic limitation of any agent working in a non receptor-dependent manner and likely a different composition in local pools of thiols (or other antioxidants) in a given cellular compartment.
Conclusions
Our study shows that PLN is required to explain, to a large extent, AS/HNO-induced increases in SERCA2a activity and, in turn, induce positive inotropy/lusitropy in intact murine myocytes/whole hearts. AS/HNO rearranges PLN monomers in dimers and tetramers via a thiol-sensitive process, markedly abating the amount of monomeric (inhibitory) PLN and adjusting the regulation of SERCA2a independent of changes in PLN phosphorylation sites. We show that PLN remains physically associated with SERCA2a; however, less monomeric PLN is available to regulate SERCA2a favoring pump activation. Our study unravels a new, redox-based means by which the PLN/SERCA2a interaction can be modulated by thiol-modifying species to improve contractility and relaxation in intact cardiac preparations.
Materials and Methods
Reagents and animals
We used the HNO donor, AS (Na 2 N 2 O 3 ), synthesized by Dr. Jon M. Fukuto (Sonoma State University) or in our laboratory. AS/HNO (10 mM) stock solution was freshlyprepared by dissolving AS in 10 mM NaOH. Fura 2-AM and Fluo-4-AM were purchased from Molecular Probes Inc.-Invitrogen and Life Technologies Corp., respectivel. PLN -/ -mice were obtained from Dr. Evangelia Kranias. These mice were back-crossed on to FVB/N for at least 12 generations so its genetic background can be considered identical to that of the WT (FVB/N) mouse strain in our studies.
Isolated myocyte studies
Hearts from euthanized WT (FVB/N) and pln -/ -mice (2-6 months) were retrogradely-perfused with a collagenase solution at constant flow (1.5 ml/min) to derive isolated myocytes (Supplementary Data) (45) . For changes in whole cell Ca 2 + transient, cells were incubated for 10 min with 3 lM of Fura 2-AM in DMSO, rinsed in normal Tyrode's solution, and sarcomere shortening and Ca 2 + transients measured (Ionoptix) at room temperature (Supplementary Data).
Measurements of ATP-dependent Ca 2 + uptake by murine cardiac SR vesicles Crude cardiac microsomal vesicles containing fragmented SR were prepared as described (45) . Briefly, SR membrane vesicles suspended in medium containing 100 mM KCl, 1 mM MgCl 2 , 50 lM arsenazo III, 5 mM sodium azide, and 20 mM MOPS, pH 7.4, were mixed with an equal volume of an identical medium containing 1 mM ATP at 24°C in a manually-operated stopped-flow apparatus. 14DS ) with a monochromator setting of 650 nm. The addition of AS/HNO (250 lM) to the incubation medium had no effect on the spectral characteristics of arsenazo III or its response to Ca 2 + . The kinetic and thermodynamic parameters for Ca 2 + uptake were evaluated by fitting stopped-flow signals to one-and two-exponential decay functions plus a residual term using nonlinear regression (See Supplementary Data).
SERCA2a/PLN expression, isolation, and characterization
Canine cardiac Ca-ATPase (the SERCA2a isoform) and canine PLN were coexpressed in HF insect cells (48) . Microsomes were harvested 48 h after infection with baculovirus and stored in small aliquots at -80°C. Protein concentrations were determined by the Biuret method (17) using bovine serum albumin (Sigma) as a standard. The amount of SERCA2a and PLN in the microsomes was quantified by gel electrophoresis and immuno-blotting, as previously shown (48) . Four to five preparations of expressed SERCA2a with or without coexpressed PLN were used in these studies. The Ca-ATPase content of the microsomes was very carefully matched at 16% of the total protein by weight, and the relative proportion of Ca-ATPase to PLN coexpressed in the microsomes was between 1 and 2 mol of PLN/mol of Ca-ATPase (48) . For all preparations, the CaATPase was under full regulatory control by PLN when the two proteins were coexpressed, determined by assays of [Ca 2 + ]-dependent ATPase and Ca 2 + -uptake activity conducted in the presence and absence of anti-PLN antibody, as reported previously for these samples (48) (See Supplementary Data).
SERCA2a ATPase assay studies
[AS/HNO]-dependent activation of SERCA2a ATPase activity was measured colorimetrically using a phosphate liberation assay (malachite green-ammonium molybdate) (48) (See also Supplementary Data). The [Ca 2 + ]-dependent ATPase activity of SERCA2a -PLN in HF insect cell microsomes pretreated with 100 lM HNO was measured colorimetrically at 37°C as described above, but the [Ca 2 + ] of the assay medium was varied from 0-100 lM CaCl 2 to give a range of ionized [Ca 2 + ] (3).
Labeling of Ca-ATPase with FITC and fluorescence measurements
See Supplementary Data.
Spin labelling
The overall rotational mobility of the Ca-ATPase was measured by EPR spectroscopy using the short-chain MSL, N-(1-oxyl-2,2,6,6-tetra-methyl-4-piperadinyl)maleimide, covalently bound to the ATPase as previously described (4, 42, 43) (Supplementary Data).
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EPR spectroscopy
EPR spectral analysis
Conventional spectra from SERCA2a and SERCA2a + PLN in HF insect cell microsomes were analyzed by the outer splitting parameter (2T II ¢). ST-EPR spectra were analyzed by line shape parameter (42) , which provided the effective rotational correlation time (sr) for spin-labeled SERCA2a, which was determined from a standard curve constructed from an isotropically tumbling models system (34, 42, 43) .
Coimmunoprecipitation studies
